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Abstract
A novel liquid settling method was investigated and applied to fabricate TC4 spherical particle reinforced AZ91 alloy matrix composites. This
method was called liquid state settling technique in which TC4 particles would settle down under the force of gravity. High volume fraction (50%)
particle reinforced AZ91 composites could be easily obtained via this novel method. This is difficult to achieve for other traditional liquid
fabrication methods. In addition, there was a good dispersion of TC4 particles in the AZ91 matrix and no clusters were found, which indicate that
this method was feasible. Interfacial reaction occurred and the reaction product was confirmed to be Al2Ti. Three kinds of pre-dispersion
technologies were used before the settling process and different interfacial microstructures were found. Theoretical calculation and experimental
results both indicated that the interfacial product which was embedded in the matrix strengthened the composites and improved the tensile strength.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
As an energy-saving material, magnesium has been widely
applied to the automotive and aircraft industries because of its
significant properties such as low density and high specific
mechanical properties and electromagnetic shielding properties
[1–3]. However, the application of magnesium is limited due to
its low strength and stiffness [4,5]. In order to improve these
weaknesses, magnesium has been incorporated with ceramic
particles, such as SiC, B4C, TiC, Al2O3, TiO2 and Mg2Si [6–8].
Unfortunately, this is not a completely satisfying way, as these
ceramic phases cannot be well wetted by liquid Mg. Wettability
plays a crucial role in the interfacial bonding characteristics [9].
In recent years, some metal phases, such as titanium alloy,
which have high hardness and strength as well as good
wettability with magnesium alloy, started to be applied as rein-
forcement [10,11].
So far, the work on TC4 particle reinforced magnesium
composites was very limited. Perez et al. [12] and Xi et al. [13]
both successfully fabricated titanium particle reinforced mag-
nesium composites by powder metallurgy technique but the
rigorous requirement of equipment is needed and the cost is
expensive. Recently Wang et al. [14] obtained TC4p/Mg com-
posites using stirring casting method and the mechanical prop-
erties are improved. However the research on TC4p/Mg
composites is far from adequate. For example, it is difficult to
fabricate high volume fraction composites by the present fab-
rication methods such as stirring casting and so on. Besides, the
interfacial reaction between TC4 particles and Mg matrix has
not been investigated systematically. The further control on
interfacial microstructure and the relationship with mechanical
properties are crucial to the composites and need to be ana-
lyzed. Thus further work in this field has its implications. In this
study, spherical TC4 particle reinforced magnesium composites
were easily manufactured by a novel liquid method called
liquid-state settling method. Using the different densities
between TC4 particles and AZ91 matrix, TC4 particles would
settle down in the molten AZ91 alloy. After water cooling, high
volume fraction composites (around 50% in volume fraction)
were obtained.
* Corresponding author. School of Materials Science and Engineering,
Harbin Institute of Technology, Harbin, China.
E-mail address: xjwang@hit.edu.cn (X.-J. Wang).
http://dx.doi.org/10.1016/j.jma.2016.10.003
2213-9567/© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Available online at www.sciencedirect.com
Journal of Magnesium and Alloys 4 (2016) 286–294
www.elsevier.com/journals/journal-of-magnesium-and-alloys/2213-9567
H O S T E D  BY
ScienceDirect
2. Experimental procedures
2.1. Materials
In this study, common commercial AZ91 magnesium alloy
was selected as the matrix for the composites, whose chemical
composition was listed in Table 1. TC4 (Ti6Al4V) particles
with an average diameter of 100 µmwere used as the reinforce-
ment. This range of diameter of Ti6Al4V particles was obtained
through bolting two bolters with different hole sizes, 200-mesh
and 400-mesh respectively. The initial fraction of TC4 particles
in this study was 20% (volume) for all composites.
2.2. Fabrication process
In this study, we explored three different methods to fabri-
cate TC4p/Mg composites. The methodologies were shown in
Fig. 1. Fig. 2 illustrates the process of these methods. In these
three methods, semisolid stirring, ultrasonic treatment, settling
and water cooling were involved and the details were illustrated
as follows:
(1) Semisolid stirring
After AZ91 alloy was melted, in order to obtain molten
semi-solid state, the temperature had to be reduced to
about 575 °C. Then we started to stir the molten with the
addition of TC4 particles, stirring speed of 900 rev/min
for 20 min, with an agitator blade to make sure the par-
ticles were homogeneously dispersed in the matrix.
(2) Ultrasonic treatment
Ultrasonic treatment can produce ultrasonic cavitation
which can be used to remove the gas surrounding the
particles and ensure that the particles were mixed and
contact fully with the matrix [15]. The ultrasonic bar was
put into the melt and kept for 20 min with frequency of
20 kHz and power of 500 W.
(3) Settling process
Keep the molten at 710 °C for 20 min. TC4 particles
would settle down under the force of gravity due to the
density difference with AZ91 alloy.
(4) Water cooling
After the particles settled, water cooling followed. The
crucible containing the mixture (AZ91 and TC4p) was
Table 1
Chemical composition of AZ91 alloy.
Al Zn Mn Si Cu Ni Fe Be Mg
9.29 0.71 0.23 0.019 0.001 0.001 0.0019 0.0014 Balance
Fig. 1. Three methods process diagram. (a), (b) and (c) correspond to ST1, ST2 and ST3, respectively.
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put in recycled water (room temperature 25 °C) for
1 min. Then the high-volume fraction particle reinforced
magnesium matrix composite was obtained.
Taking ST2 as an example, first AZ91 alloy was heated to
720 °C in a resistance furnace in CO2 + SF6 mixture protection
atmosphere. The matrix alloy was then quenched down to the
semi-solid condition at 575 °C after it was completely melted.
At the same time, TC4 particles were preheated to 100 °C to
eliminate the moisture on the surface of particles. Next, the
melt was stirred in the semi-solid condition by steel impeller to
form a suitable vortex. Then the particles were added into the
semi-solid condition melt and the melt was stirred for 20 min at
the speed of 900 rev/min. Then the molten was reheated to
710 °C and then kept at this temperature for 5 min. Meanwhile
the melt was still stirred during the reheating process. The next
process was ultrasonic treatment and the melt was also kept for
20 min with power of 500 W and frequency of 20 kHz. Finally,
the molten mixture in the crucible was placed into recycled
water for 1 min. After solidification, the TC4p/AZ91 composite
was obtained.
As for ST1, only semisolid stirring process was included.
After semisolid stirring the molten was reheated to 710 °C
followed by settling and water cooling process. The details were
the same as those for ST2 shown above. ST3, compared with
ST2, only involved the ultrasonic treatment and then held the
Fig. 2. Process diagram of three fabrication methods.
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molten for particle settling and water cooling. The parameters
were also as shown in ST2.
2.3. Microstructural characterization
Microstructural characterization was conducted on the
as-cast composites in order to evaluate the distribution of TC4
particles and investigate the morphology of the interfacial
region between TC4 reinforcement and AZ91 matrix. Optical
microscopy (OM), scanning electron microscopy (SEM)
(Quanta 200FEG) and transmission electron microscopy
(TEM) (Tecnai F30) were used to study the microstructure of
the composite and the distribution of the micron particles. The
specimens for microstructure analysis were mechanical pol-
ished and etched by picric acid (5 ml acetic acid + 5.5 g picric
acid + 100 ml H2O + 90 ml ethanol) for 15 s before being
flushed by flowing water. The obtained specimens were pre-
served in a vacuum can to avoid being oxidized. Specimens for
TEM observation were first prepared by grinding–polishing the
sample to produce a foil of 50 µm thick followed by punching
3 mm diameter disks and then thinned by ion beam. Similarly
the TEM specimens were preserved in a vacuum can.
2.4. Mechanical property test
The tensile mechanical properties of TC4p/AZ91 compos-
ites were measured by using an Instron5569 universal testing
machine at a constant cross-head speed of 0.5 mm/min. The
tensile tests were in accordance with ASTM:E8/E8M-13a stan-
dards. The tensile property data (yield strength/YS, ultimate
tensile strength/UTS, elastic modulus/E and elongation/δ) were
based on the average of 3–5 tests. The fracture surfaces were
subsequently examined by SEM to determine the failure
mechanism during the loading of the composites.
2.5. Density measurement of TC4p/AZ91 composites
In this study, the density of the composites was approxi-
mately determined via drainage method. First, the mass of a
specimen m1 was measured through a balance in the air. Then
the mass of this specimen was measured when it was put into
distilled water, say m2. Because the specimen encountered
buoyancy in distilled water m2 would be smaller than m1.
According to Archimedes principle, the density of the compos-
ite specimen ρc would be:
ρc
m
m m
=
−
1
1 2
Further the volume fraction can be obtained given ρc if we
regard the porosity in the composite as negligible.
ρ ρ ρc m mV V= +p p
V Vp m+ =1
where Vp and Vm represent the volume of TC4 particles and
matrix.
Thus Vp would be:
V
p m
p
c m
=
−
−
ρ ρ
ρ ρ
3. Results and discussion
3.1. Microstructure of TC4/AZ91 composites
Because of the density difference between matrix and rein-
forcement, TC4p settled down under the force of gravity, so
TC4p moved to the downside of the material as shown in Fig. 3a
(the optical microstructure of different positions of the com-
posite fabricated by ST1). There were barely particles at the
upside of the material. That is to say the downside part of the
material obtained was the composites we expected. For the
downside composites, TC4 particles were uniformly dispersed
in the matrix (see images b, c and d in Fig. 3). The particles
would settle down in an integrate form because of the hindered
settling [16]. The density of the composite obtained by drainage
method was about 3.1 g/cm3, and the corresponding volume
fraction was approximately 50%, a really high percentage. To
the authors’ knowledge, this is almost impossible for traditional
liquid state fabrication methods such as stirring cast. However,
the settling method in this study easily obtained high volume
fraction composites utilizing natural force – gravity. This illus-
trates that the three dispersion methods which all included
settling process as their final steps can all achieve a good
particulate dispersion in the matrix. The volume fraction of
particles was actually relevant to the settling time. The settling
time of the three fabrication processes was the same, so the
same volume fraction of composites was fabricated by ST1,
ST2 and ST3.
Scanning electron microscopy (SEM) was used to investi-
gate the morphology of the interfacial regions of the composite.
Little white irregular shape particles, about 2 µm in diameter,
were found at the interface around TC4 particles, as shown in
Fig. 3. Optical microstructure of the different positions of TC4/AZ91 compos-
ite fabricated by the process of ST1. (a), (b) and (c) were the upside, middle and
downside of the composite respectively. (d) The observed positions correspond-
ing to (a), (b), (c).
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the red circle in Fig. 4a, which means reaction happened at the
interface. From Fig. 4c (the scanning image at the tensile frac-
ture surface), there were a lot of white particles in a “cave”
which was initially taken by a TC4 particle and was left after
failure of the composite. In the “cave”, the reaction product
particles were uniformly dispersed.
In order to figure out what the reaction product was, EDS
(energy dispersive spectroscopy) was carried out to find the
elements that consist the product. Fig. 5 shows the line scan
image at the interface. There was obvious enrichment of Al
element at the interface. In addition, Ti element showed a
sudden rise at the interface position although its trend was
declining from TC4 particles to the matrix area. This result
could be observed clearly from the interfacial area scan (SEM)
image (Fig. 6). Thus, the white irregular particles might be the
Ti–Al reaction product. Transmission electron microscopy
(TEM) was used to analyze the reaction product. Fig. 7 shows
the TEM image at the boundary between matrix and particles
and the dark lumps were the reaction product. Through TEM
diffraction analysis the product was confirmed to be Al2Ti.
However, no other product such as TiAl, TiAl3 or Ti3Al was
found at the interface.
Actually the intermetallics in the Ti–Al system also include
TiAl, Ti3Al, TiAl3 and Ti2Al5 except Al2Ti. Rawers and
Wrzesinski [17] did the thermodynamic calculation on the
Ti–Al system intermetallics and the results were shown in
Table 2. Fig. 8 shows the image of free energy of formation of
different Ti–Al intermetallic compounds as a function of tem-
perature. Free energy of formation of Al2Ti was the lowest
throughout the temperature range, thus it was reasonable that
Al2Ti was finally the interfacial reaction product from the ther-
modynamic perspective. Although free energy of Al2Ti was the
most possible to form considering the free energy of formation,
the report about the Al2Ti reaction product was limited while
that about Al3Ti, on the contrary, has been reported frequently.
Wang et al. [14] reported different reaction products – Al3Ti in
TC4p/AZ91 composites fabricated by pressure casting. Peng
et al. [18] and Yang et al. [19] also obtained Al3Ti product in
their work. The reason may be that the formation ofAl2Ti has to
go through a series of solid–liquid reaction [20]. That is to say
the formation of Al2Ti may have a large drag force from the
kinetic factors. But in this study the rapid cooling rates may
provide enough force and promote the formation of Al2Ti. In
addition, at the temperature in this study, TC4 and Al remained
in solid and liquid states respectively. Since liquid Al from
AZ91 enriched around Ti, Ti rich compounds Ti3Al and TiAl
did not form during the reaction between Ti and Al [18].
Fig. 9 shows the SEM image of TC4/AZ91 composites fab-
ricated by ST1, ST2 and ST3, corresponding to images a, b and
Fig. 4. SEM image of the TC4/AZ91 composite fabricated by ST2. (a) The
interface betweenTC4 particles andAZ91 matrix. (c) The SEM image of tensile
fracture surface. (b, d) The partial enlarged detail of (a) and (c) respectively.
Fig. 5. Line scan image (SEM) at the interface of TC4/AZ91 composite.
Table 2
Temperature dependence of free energy of formation of various Ti–Al interme-
tallic compounds [17].
Compounds Free energy of formation, ΔGf
Ti3Al −29,633.6 + 6.70801T
TiAl −37,445.1 + 16.79376T
TiAl3 −40,349.6 + 10.36525T
TiAl2 −43,858.4 + 11.02077T
Ti2Al5 −40,495.4 + 9.52964T
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c respectively. Apparently, there was the most reaction product
at the interface of TC4/AZ91 composites by ST2 among the
three methods. Because the initial material and its proportion
were all the same, so the difference in the amount of reaction
product was derived from different fabrication methods. Com-
paring ST1 with ST3, semi-solid stirring led to little interfacial
reaction due to two factors: First, semi-solid temperature was
lower than that of ultrasonic treatment (580 °C vs 710 °C).
Second, ultrasonic treatment has the following two effect: ultra-
sonic cavitation effect [21] and acoustic streaming effect [22].
The cavitation effect can improve the wettability of particles in
AZ91 melt. In addition, high temperature and pressure caused
by cavitation bubble burst can promote the interface reaction.
Acoustic effect can promote the dispersion of TC4 particles and
AZ91 melt flow which can also contribute to the reaction. As
for ST2, by which both mechanical stirring and ultrasonic treat-
ment were included, the corresponding composites fabricated
showed more reaction product at the interface.
3.2. Mechanical properties
The tensile property results of the as-cast composites were
shown in Table 3. All the TC4/AZ91 composites fabricated by
the three methods achieved improvement both in elastic
modulus and ultimate tensile strength compared with AZ91
alloy. Particularly, ST2 and ST3 fabrication methods both
improved the ultimate tensile strength to about 160 MPa, about
two times as that in AZ91 matrix alloy. While for ST1, the
tensile strength was relatively lower compared with ST2 and
ST3, but still higher than AZ91 alloy matrix.
The interfacial characteristics play an important role in
determining the properties of the composites [23]. The interfa-
cial bond critically influences the strengthening of particle rein-
forcement. A well-bonded interface promotes the efficient
Fig. 6. The area scan image (SEM) at the interface of TC4/AZ91 composite.
Fig. 7. TEM diffraction image of the interface of TC4/AZ91 composite.
Table 3
Tensile properties of composites fabricated by the three methods compared
with AZ91 alloy.
Material E/GPa Ultimate tensile
stress/MPa
Elongation/δ
(%)
AZ91 43.4 ± 5 81 ± 6 0.7
TC4/AZ91(ST1) 90 ± 5 116 ± 7 0.25
TC4/AZ91(ST2) 70 ± 4 154 ± 2 0.5
TC4/AZ91(ST3) 82.5 ± 2 160 ± 5 0.28
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transfer and distribution of load from the matrix to the reinforc-
ing phase. Generally speaking, elastic modulus reflects the
interfacial bonding strength of composites [9]. Composites
with a strong interfacial bonding normally show high
elastic modulus. According to Table 3, the elastic modulus
Est1 > Est3 > Est2, where Est1, Est2 and Est3 represent elastic
modulus of TC4/AZ91 composites fabricated by ST1, ST2 and
ST3 respectively. Considering the analysis in Section 3.1, we
can conclude that the interfacial reaction weakened the interfa-
cial bonding.
For particle reinforced metal matrix composites, the addition
of particles significantly changes the microstructure of the
matrix and improves the mechanical properties of the compos-
ites. The main strengthening mechanisms in particle reinforced
composites include load transfer effect, CTE (coefficient of
thermal expansion) mismatch effect, refined crystalline
strengthening and Orowan strengthening effect [24]. In this
study, because of the large diameter of TC4 particles the refined
crystalline strengthening and Orowan strengthening effect
could be negligible. The main strengthening mechanisms were
load-transfer effect and residual thermal stress strengthening.
The coefficient of thermal expansion (CTE) of AZ91 alloy is
26 µm/m·K while that of TC4 is only 9.4 µm/m·K. Therefore,
after water cooling, the large mismatch between matrix and
reinforcement would lead to deformation of the matrix and
residual thermal stress and generate large amount of dislocation
in the matrix (see Fig. 10). According to the dislocation theory,
the more the dislocation, the larger drag force the dislocation
would encounter. Dai et al. [25] reported the contribution of
CTE mismatch on particle reinforced matrix composites. The
value ΔσCTE could be calculated by the following formula:
Δ Δ Δσ β αCTE M
p
G
d
T
= 3
12
b
b
where β is a constant – 1.25; b – Burgers vector of the matrix;
GM – shear modulus of the matrix (GPa); ΔT – difference in
temperature between fabrication and mechanical testing (°C);
Δα – difference in CTE between matrix and reinforcement
(µm/m·K); dp – diameter of reinforcement particles (µm);
The effect of load transfer ΔσLOAD has also been modeled:
Δσ σLOAD P MV= 0 5.
where VP – volume fraction of particles; σM – yield strength of
matrix.
Thus the tensile strength improvement of the composites can
be expressed as follows:
Δ Δ Δσ σ σ= +CTE LOAD
Fig. 8. Free energy of formation of different Ti–Al intermetallic compounds as
a function of temperature.
Fig. 9. SEM image of TC4/AZ91composite by the three methods. (a), (b) and
(c) were composites fabricated by ST1, ST2 and ST3 respectively.
Fig. 10. TEM image of dislocation at the Ti/AZ91 interface.
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According to the calculation above, ΔσCTE and ΔσLOAD are
14.35 MPa and 23 MPa respectively. Thus Δσ is about 37 MPa
and the theoretical strength of the composites is about 113 MPa
which just match well with the strength of the composites
fabricated by ST1. This means that the load transfer effect and
CTE mismatch factor could perfectly explain the improvement
of the composites without much interfacial reaction.
However, the strength improvement of composites fabri-
cated by ST2 and ST3 seemed to be larger by experiment than
theoretical calculation. This may be caused by the contribution
of the interfacial product Al2Ti. After tensile failure, the reac-
tion product was embedded in the matrix (see Fig. 3) and served
as the second phase in the matrix. According to second phase
strengthening mechanism [26], the reaction product would play
an anchor role during deformation of the composites. The dis-
location was stuck still by the product and higher stress would
be needed to force the movement of dislocations. Thus, the
strength of the composites was improved.
Al2Ti particles were embedded in the matrix and strength-
ened the composites as the second phase. Here, we used the
Orowan strengthening mechanism. Jian et al. [27] gave the
calculation formula of Orowan strengthening in particle rein-
forced metal matrix composites. But the calculated improve-
ment in strength was pretty low, about 1.4 MPa according to the
equation reported by Jian et al. The expression for Orowan
strengthening mechanism is as follows:
ΔσOrowan
mb
Vp
= ( ) −⎡⎣ ⎤⎦
⎛⎝⎜ ⎞⎠⎟
0 13
1 2 1 21 3
.
ln
G
d
d
bp
p
where b – Burgers vector of the matrix; Gm – shear modulus of
the matrix (GPa); dp – diameter of reinforcement particles
(µm); Vp – the volume fraction of particles.
Here we assume that theAl2Ti particles were dispersed in the
spherical shell area of 2 µm thick around TC4 particles and
only 50% of the spherical shell can be taken by Al2Ti particles.
The experimental results indicated that it has to be at least
40 MPa. Thus the Orowan mechanism did not fit in the com-
posites in this study and further investigation needs to be done
on this kind of reaction product strengthening mechanism.
The different tensile properties of the TC4/AZ91composites
fabricated byST1, ST2andST3canbe correlatedwith the different
microstructures in the composites. Because the three kinds of
composites had the same matrix alloy, reinforcement and volume
fraction, anydifferences in tensilebehaviorof thecompositescanbe
attributed to the difference in interface characteristics. Comparing
the three kinds of composites fabricated by different methods, the
tensile strength of composites fabricated by ST2 and ST3 was
almost the same. Although the severe interfacial reaction that
happened in the composites weakened the load transfer effect, the
more product embedded in the matrix, in turn, strengthened the
matrix. Thus despite the decline of the load transfer due to the
declined interfacial bonding, second phase strengthening improved
the tensile strength of the composites.
In the present study, the effect of interfacial reaction on the
tensile properties of TC4/AZ91 composites can be discussed as
follows.
As the load increases, the stress at the interface improved.
The crack would initially occur at the bonding site between the
reaction particles and TC4 reinforcement because of the weaker
bonding strength compared with the bonding between reaction
product and matrix. Then the deformation would occur in the
matrix. However, the reaction product was embedded into the
matrix which actually plays a secondary-phase role, so the
matrix was strengthened. Following this, there would be higher
stress needed to force the deformation of the local matrix,
which improved the ultimate tensile strength.
In addition, the mismatch of CTE betweenTC4 particles and
AZ91 matrix caused the large residual thermal stress at the
interface after water cooling. The residual thermal stress in the
matrix was tension and that of TC4p was compression stress.
Because of the large residual stress, the matrix would have to
generate plastic deformation to loosen the tension stress, even
generate micro crack (see Fig. 11). This micro crack would
easily propagate at the tensile force so the elongation percent-
age was small.
4. Conclusion
1 High volume fraction TC4/AZ91 composites were fabri-
cated by a new process called liquid-state settling. The par-
ticle volume fraction was about 50%. The tensile strength of
TC4/AZ91 composite was significantly increased compared
with the AZ91 matrix.
2 The reaction product was found at the interface between
AZ91 and TC4 particles, which was confirmed to be Al2Ti.
3 Through theoretical calculation and experimental results, we
can conclude that the Al2Ti reaction product which was
embedded into the matrix improved the strength of the
composites.
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